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Oxygen-dependent proteolytic destruction of hypoxia-
inducible factor-a (HIF-a) subunits plays a central
role in regulating transcriptional responses to hyp-
oxia. Recent studies have de®ned a key function for
the von Hippel±Lindau tumour suppressor E3 ubiqui-
tin ligase (VHLE3) in this process, and have de®ned
an interaction with HIF-1a that is regulated by prolyl
hydroxylation. Here we show that two independent
regions within the HIF-a oxygen-dependent degrad-
ation domain (ODDD) are targeted for ubiquitylation
by VHLE3 in a manner dependent upon prolyl
hydroxylation. In a series of in vitro and in vivo assays,
we demonstrate the independent and non-redundant
operation of each site in regulation of the HIF system.
Both sites contain a common core motif, but differ
both in overall sequence and in the conditions under
which they bind to the VHLE3 ligase complex. The
de®nition of two independent destruction domains
implicates a more complex system of pVHL±HIF-a
interactions, but reinforces the role of prolyl hydroxyl-
ation as an oxygen-dependent destruction signal.
Keywords: destruction domain/hypoxia-inducible
factor-a/prolyl hydroxylation/ubiquitylation/
von Hippel±Lindau protein

Introduction

The hypoxia-inducible factor (HIF) transcriptional system
plays a central role in physiological responses to oxygen
availability, and regulates genes involved in processes
such as angiogenesis, erythropoiesis, vasomotor control,
energy metabolism, carbon dioxide metabolism and cell
survival decisions (Semenza, 2000; Wenger, 2000).
Although oxygen availability can in¯uence multiple
steps in HIF activation (Jiang et al., 1997; Pugh et al.,
1997; Huang et al., 1998; Kallio et al., 1998; Bhattacharya
et al., 1999), the primary mode of regulation occurs
through oxygen-dependent proteolysis of HIF-a subunits
(Huang et al., 1996, 1998; Pugh et al., 1997; Salceda and
Caro, 1997). In normoxic cells, HIF-a subunits have an
exceptionally short half-life (Jewell et al., 2001), and
steady-state levels are very low. Increasing severity of
hypoxia retards degradation of HIF-a subunits in a graded
manner (Jiang et al., 1996), allowing nuclear localization,

dimerization with HIF-b and formation of a DNA-binding
HIF complex.

HIF-a subunits are therefore part of a large set of
cellular regulators whose activity is determined by tightly
controlled proteolysis. Many of these molecules are
known to contain transferable destruction domains that
can confer instability on heterologous proteins. In some
cases, phosphorylation of particular residues provides a
speci®c recognition signal that targets the substrate to
ubiquitin ligase complexes, though in many cases the
determinants that regulate proteolysis remain unknown
(Jackson et al., 2000).

In the case of HIF, two isoforms of the a-subunit,
HIF-1a and HIF-2a, have been shown to be regulated in a
similar manner. Each possesses an extensive, transferable,
oxygen-dependent degradation domain (ODDD) encom-
passing >200 residues in the central region of the molecule
(Huang et al., 1998; Ema et al., 1999; O'Rourke et al.,
1999; Sutter et al., 2000). Interestingly studies of isolated
sequences have demonstrated that partial instability can be
conveyed by subdomains within the ODDD (Huang et al.,
1998; O'Rourke et al., 1999; Yu et al., 2001). Since these
domains must interact with the oxygen-sensitive signal,
their sequences have been analysed intensively in an effort
to gain an understanding of the sensing/transduction
process. Important insights have been gained from studies
of interactions of HIF-a with the von Hippel±Lindau
tumour suppressor protein (pVHL) (Maxwell et al., 1999).
pVHL is part of a multiprotein ubiquitin E3 ligase
complex (VHLE3), homologous to the SCF (Skp-1-
Cdc53/Cullin-F-box) class of E3 ligases (Lisztwan et al.,
1999; Stebbins et al., 1999). pVHL itself plays a role
analagous to the F-box substrate recognition component,
and can interact directly with HIF-a subunits and target
them for VHLE3-dependent ubiquitylation in vitro
(Cockman et al., 2000; Kamura et al., 2000; Ohh et al.,
2000). Protein interaction and ubiquitylation assays have
de®ned a subdomain in the C-terminal portion of the
HIF-1a ODDD that is necessary and suf®cient for
VHLE3-dependent ubiquitylation under the conditions
of assay, and shown that residues 556±574 of HIF-1a
constitute a minimal pVHL-binding domain within this
region (Cockman et al., 2000; Ohh et al., 2000; Tanimoto
et al., 2000). Interaction of this region with pVHL is
promoted by enzymatic hydroxylation of Pro564 (Ivan
et al., 2001; Jaakkola et al., 2001). Although the HIF-
prolyl hydroxylase(s) remain to be characterized, these
®ndings are of interest in relation to the mechanism of
oxygen sensing. Since known enzymes of this class are
dioxygenases that utilize molecular oxygen as co-substrate
(Kivirikko and Myllyharju, 1998), these ®ndings provide a
direct link between the availability of oxygen and the
regulation of HIF. In the simplest model, the availability of
oxygen would affect the rate of modi®cation of Pro564
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and hence degradation of HIF-a by the VHLE3±
ubiquitin±proteasome pathway. However, such a model
provides little insight into how the complex physiological

response to oxygen availability is controlled with such
precision, does not de®ne a role for the majority of the
HIF-a ODDD sequences and cannot explain the partial
instability conveyed by other regions of the ODDD.

To investigate this, we have analysed interactions
between HIF-a ODDDs and the VHLE3 complex using
a series of ubiquitylation and interaction assays based on
crude cell lysates or puri®ed components of the ubiqui-
tylation system. We show that two independent regions of
the HIF-1a ODDD are targeted for ubiquitylation by
VHLE3 in a manner that is dependent upon hydroxylation
of speci®c proline residues. Although both proline
residues are located in a motif that is conserved between
HIF-1a and HIF-2a at both sites, the target sites differ in
overall sequence and requirements for interaction with
pVHL.

Results

The VHLE3 ligase can interact functionally with
two distinct regions of the HIF-1a ODDD
The VHLE3-dependent ubiquitylation of different por-
tions of the HIF-1a ODDD was ®rst assayed in an in vitro
system using cytoplasmic extracts from VHL-defective
renal carcinoma (RCC4) cells and stable transfectants re-
expressing pVHL (RCC4/VHL). [35S]methionine-labelled
HIF-1a ODDD sequences were expressed as GAL4
fusions in coupled in vitro transcription/translation
(IVTT) reactions in rabbit reticulocyte lysate, then added
to the ubiquitylation reactions. As anticipated, GAL344±
698 (encompassing the entire ODDD), but not GAL652±
826 (encompassing the stable HIF-1a C-terminus), mani-
fested VHLE3-dependent ubiquitylation (Figure 1A).
Some non-VHLE3-dependent ubiquitylation was observed
in these assays but is of uncertain signi®cance since it was
not related speci®cally to the presence of ODDD
sequences. Comparison of the entire HIF-1a ODDD
with a C-terminal subdomain demonstrated more ef®cient
ubiquitylation with the full-length ODDD (compare
GAL344±698 and GAL554±698, Figure 1A). We there-
fore tested the N-terminal subdomain of the HIF-1a
ODDD (GAL344±553) in isolation, and found that this
also supported VHLE3-dependent ubiquitylation, imply-
ing that it too could interact with the VHLE3 complex. In
view of previous analyses of interactions between pVHL
and HIF-1a, this result was somewhat surprising. These
analyses have implicated only one domain at the
C-terminus of the HIF-1a ODDD (residues 556±574) as
capable of interaction with pVHL (Cockman et al., 2000;
Ohh et al., 2000; Tanimoto et al., 2000), and shown that
this interaction is dependent on enzymatic hydroxylation
of HIF-1a residue Pro564 by an activity that is present in
the reticulocyte lysate used for IVTT (Ivan et al., 2001;
Jaakkola et al., 2001). In an effort to understand the
current results, we considered that the RCC4 cytoplasmic
extract used in the ubiquitylation assays might contain
additional activities that were not present in the reticulo-
cyte lysate, and that were required to promote functional
interactions between other portions of the HIF-1a ODDD
and VHLE3.

Fig. 1. The VHLE3 ligase can interact functionally with two distinct
regions of the HIF-1a ODDD. (A) Ubiquitylation of [35S]methionine-
labelled GAL±HIF-1a fusion proteins by cytoplasmic extracts from
VHL-defective RCC4 cells, or RCC4 cells stably transfected with
pcDNA3-VHL (RCC4/VHL). Reactions were performed in the
presence or absence of exogenous ubiquitin as indicated. VHLE3-
dependent ubiquitylation, resulting in a strong signal of decreased
mobility at the top of the lane, is seen when the substrate contained
HIF-1a amino acids 344±698, 344±553 and 554±698, but not amino
acids 652±826. The asterisk denotes the full-length, correctly initiated
GAL344±698 fusion protein (see Materials and methods). (B) VHLE3-
dependent ubiquitylation by puri®ed components of the pathway.
Ubiquitylation of an immunopuri®ed GAL±HIF-1a fusion protein
(GAL344±698) occurred in the presence of E1, E2, VHLE3 (E3),
ubiquitin and ATP (lane marked `+') but not in the absence of any
individual component. (C) Ubiquitylation of different GAL±HIF-1a
fusion proteins in the puri®ed component assay. Reactions were
performed using all components (+), or mixtures lacking either
ubiquitin (±ubiquitin) or VHLE3 (±VHLE3). VHLE3-dependent
ubiquitylation is seen when the substrate contained HIF-1a amino acids
344±698, 344±553 and 554±698, but not amino acids 652±826.
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Cytoplasmic extract enhances functional
interaction of the VHLE3 ligase with an N-terminal
target site in HIF-1a
To permit separate analysis of cytoplasmic activities that
might promote functional interactions with VHLE3,
distinct from the ubiquitylation activity itself, we devel-
oped a puri®ed component assay for VHLE3-dependent
ubiquitylation (see Materials and methods). Addition of
GAL344±698 substrate to this assay resulted in the
ubiquitin- and ATP-dependent production of high mol-
ecular weight species that correspond to ubiquitylated
forms of GAL344±698. Omission of different components
from the assay indicated that production is E1, E2 and
VHLE3 dependent (Figure 1B). Testing of HIF-1a
domains as GAL fusions in this assay demonstrated that
whilst GAL652±826 was not ubiquitylated, both GAL344±
553 and GAL554±698 were targets for the VHLE3 ligase
(Figure 1C). However, VHLE3-dependent ubiquitylation
of the two portions of the HIF-1a ODDD differed
markedly from that in the assays based on crude cyto-
plasmic extracts. In the assay using cytoplasmic extract,
GAL344±553 was at least as good a substrate for VHLE3-
dependent ubiquitylation as GAL554±698 (Figure 1A), but
in the assay using puri®ed components, GAL344±553 was
a poorer substrate (Figure 1C). To test whether an activity
in the cytoplasmic extract was responsible for this
difference, GAL344±553 substrate was pre-incubated
with either buffer, cytoplasmic extract or nuclear extract,
then immunoprecipitated and assayed for VHLE3-depend-
ent ubiquitylation (Figure 2). The buffer-treated substrate
remained a poor target for VHLE3, but pre-treatment with
cytoplasmic extract was found to have a striking effect,
converting the GAL344±553 substrate into a much better
target for VHLE3-dependent ubiquitylation (Figure 2).
Although the cytoplasmic extract used was derived from
VHL-defective RCC4 cells, cytoplasmic extract from
other tissue culture cell types was found to have the
same effect (data not shown). These results therefore
con®rmed the existence of a VHL interaction site in the
N-terminal portion of the HIF-1a ODDD, and indicated
that exposure of the HIF-1a polypeptide to a factor present

in cytoplasmic but not reticulocyte extract was important
for this function.

Interestingly, pre-treatment with cytoplasmic extract
resulted in a marked mobility shift of GAL344±553
(Figure 2). HIF-1a mobility previously has been demon-
strated to be affected by phosphorylation both in vitro and
in vivo (Richard et al., 1999; Berra et al., 2000), although
this has not been localized to a speci®c region of the
protein. Since substrate phosphorylation regulates inter-
actions with other E3 ligase complexes (Patton et al.,
1998), a potential link between phosphorylation and
ubiquitylation of this region was therefore considered.
However, pre-incubation of the GAL344±553 substrate
with nuclear extract also resulted in a mobility shift, that
was not accompanied by increased VHLE3-dependent
ubiquitylation (Figure 2). Furthermore, cytoplasmic
extracts that were depleted of endogenous ATP by pre-
incubation with hexokinase no longer facilitated the
GAL344±553 mobility shift, but still promoted enhanced
VHLE3-dependent ubiquitylation (Figure 2), indicating
that ATP-dependent modi®cations of GAL344±553
(including phosphorylation) are not the event mediating
interaction with VHLE3.

Mapping of 380±417 as a minimal domain targeted
by cytoplasmic extract and VHLE3
To analyse the interaction between pVHL and the
N-terminal HIF-1a ODDD sequences further, we sought
to de®ne a minimal functional domain in this region that
would support VHLE3-dependent ubiquitylation. Resi-
Iyer et al., 1998). Deletion of individual exons localized
the activity to exon 9, represented by GAL344±417
(Figure 3A). Testing of the corresponding exon in HIF-
2a (residues 345±416) (Tian et al., 1997) indicated that
despite limited conservation, this sequence was also a
target for VHLE3-dependent ubiquitylation following
cytoplasmic extract pre-treatment (Figure 3B).

Further deletional analysis of HIF-1a sequences de®ned
a minimal domain of residues 360±417 that was necessary
for maximal ubiquitylation. Deletion to residues 380±417
greatly reduced ubiquitylation, although some activity was
still observed (Figure 3C).

However, when tested in an interaction assay with
VHLE3, GAL380±417 bound to VHLE3 as ef®ciently as
GAL344±553, and binding showed similar dependence on
pre-treatment with cytoplasmic extract (Figure 3D).
Further deletions ablated (GAL380±410) or markedly
lowered (GAL390±417) binding to the VHLE3 complex.
Thus, these experiments indicated that residues 380±417
are suf®cient to support both modi®cation by cytoplasmic
extract and interaction with VHLE3, but that additional
sequences are required for ef®cient ubiquitylation.

Identi®cation of a potential core motif conserved
between the N- and C-terminal VHLE3 target sites
The HIF-1a 380±417 sequence was analysed further to
de®ne functionally critical residues. Alignment with the
corresponding region of HIF-2a and the known VHL-
binding site in the C-terminal region of the HIF-1a ODDD
(Figure 4A) revealed a common motif, LXXLAP, which
was conserved between species. Mutations of this motif
were assayed in the context of GAL344±417 (Figure 4B).
The double mutation of Leu397 and Leu400 to alanine

Fig. 2. Effect of pre-incubation of GAL344±553 substrate with cell
extracts on VHLE3-dependent ubiquitylation. The substrate was
incubated in buffer alone (±e.), or in cytoplasmic extract (+c.e.),
nuclear extract (+n.e.) or cytoplasmic extract that had been depleted of
ATP by incubation with hexokinase and glucose (+c.e. +hexo). All
extracts were prepared from RCC4 cells lacking pVHL. Following
immunopuri®cation, the GAL344±553 substrates were ubiquitylated in
the puri®ed component assay in the presence (+) or absence (±VHLE3)
of VHLE3. Pre-treatment with cytoplasmic extract greatly enhanced
VHLE3-dependent ubiquitylation.
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(LL397, 400AA) was found to ablate VHLE3-dependent
ubiquitylation (Figure 4B). Point mutation of Pro402 to
alanine also ablated VHLE3-dependent ubiquitylation
(P402A, Figure 4B). In contrast, mutation of the second
proline residue in the 380±417 region had no effect
(P394A, Figure 4B).

Mutations of the 344±417 region were then tested for
their effects on oxygen-dependent responses in vivo.
HIF-1a residues 344±417 are known to confer oxygen-
dependent regulation on the activity of a GAL±VP16
fusion protein in transiently transfected cells (O'Rourke
et al., 1999). Both the C-terminal deletion (344±400) and
the P402A mutation were tested in this context, and were
each found to abolish regulation of GAL±VP16 fusion
protein activity by oxygen (Figure 4C).

Identi®cation of critical point mutations allowed these
two VHLE3 target sites to be assayed within the full-

length HIF-1a molecule. The P402A mutation was
introduced to ablate activity of the N-terminal VHLE3
target site, and the previously described P564G mutation
(Jaakkola et al., 2001) was introduced to ablate activity of

Fig. 4. Identi®cation of a potential core motif targeted by VHLE3.
(A) The amino acid sequences of the N- and C-terminal VHLE3-
binding sites identi®ed in human HIF-1a are aligned with the
corresponding regions in other species (as indicated) and with HIF-2a
sequences. A core motif is shaded. (B) Effect of mutations in this core
motif on VHLE3-dependent ubiquitylation. The GAL344±417 substrate
and the indicated mutant derivatives were pre-treated with buffer alone
(±) or with cytoplasmic extract (+), immunopuri®ed then added to
ubiquitylation reactions that did (+) or did not (±) contain VHLE3.
Mutants P402A and LL397,400AA, but not P394A, ablate activity.
(C) Oxygen-regulated activity of GAL±HIF-1a±VP16 fusion proteins
containing the indicated HIF-1a sequences, in U2OS cells co-
transfected with the GAL reporter pUAS-tk-Luc. Columns show
corrected luciferase activity, mean 6 1 SE of three independent
experiments. Regulated fusion protein activity is observed with HIF-1a
residues 344±417, but not a P402A mutant derivative, or HIF-1a
residues 344±400.

Fig. 3. Determination of HIF-a sequences that support VHLE3
interaction and ubiquitylation. (A±C) Ubiquitylation of GAL-HIF-1a or
GAL±HIF-2a fusion protein substrates that had been pre-incubated in
buffer alone (±c.e.) or in cytoplasmic extract (+c.e.), immunopuri®ed
and then added to reaction mixes either containing (+) or lacking
VHLE3 (±VHLE3). (A) Exon-based analysis demonstrating that
sequences encoded by HIF-1a exon 9 (residues 344±417) constitute an
N-terminal ODDD target site for VHLE3-dependent ubiquitylation.
Note that the actual exon 10±11 boundary is at amino acids 512±513.
(B) Assay of homologous HIF-1a and HIF-2a sequences indicating
that this VHLE3 target site is conserved between the HIF-a isoforms.
(C) Further analysis of the N-terminal ODDD target site indicating that
HIF-1a residues 360±417 are required for ef®cient ubiquitylation,
whereas residues 380±417 support reduced but still signi®cant VHLE3-
dependent ubiquitylation. (D) VHLE3 interaction assay. The indicated
[35S]methionine-labelled GAL±HIF-1a fusion proteins were incubated
either in buffer alone (±c.e.) or in cytoplasmic extract (+c.e.). 786-0
HA´VHL cell extract (prepared in buffer that does not support VHLE3
target site modi®cation) was then added and anti-HA immuno-
precipitation performed. The retrieved immunoprecipitates and input
samples of the GAL±HIF-1a fusion proteins were analysed by
SDS±PAGE and autoradiography. HIF-1a residues 380±417 constitute
a minimal domain capable of interaction with VHLE3 after exposure
to c.e.
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the C-terminal VHLE3 target site. When these mutations
are introduced individually, the mutant HIF-1a proteins
still remained targets for VHLE3-dependent ubiquityla-
tion, presumably because each retains an active VHLE3
target site (Figure 5A). However, a double mutant
showed no VHLE3-dependent ubiquitylation at all
(P402A + P564G, Figure 5A). HIF-1a therefore appears
to contain two and only two discrete target sites for
VHLE3-dependent ubiquitylation. To test the functional
importance of these sites in vivo, HIF-1a molecules
bearing the single and double VHLE3 target site mutants
were transfected into the HIF-1a-de®cient cell line Ka13
(Wood et al., 1998) and tested for their ability to mediate
oxygen-dependent transcriptional regulation (Figure 5B).
When compared with wild-type HIF-1a, P402A and

P564G mutants were more active under normoxic condi-
tions and showed reduced up-regulation in hypoxia,
whereas the P402A + P564G double mutant had con-
stitutive activity under normoxic conditions (Figure 5B).
To con®rm that the differences in reporter gene regulation
were due to differences in HIF-1a protein stability,
immunoblot analysis was performed on extracts from
transfected Ka13 cells grown under normoxic conditions
(Figure 5C).

The N-terminal VHLE3 target site is regulated by
prolyl hydroxylation
The critical dependence of N-terminal ODDD function on
a proline residue within a conserved motif, together with
dependence on prior incubation with a cytoplasmic
extract, suggested that this site might represent a second
site of modi®cation by enzymatic prolyl hydroxylation. In
keeping with this, we found that the activity in the
cytoplasmic extract was heat labile (data not shown) and
that the addition of the prolyl hydroxylase cofactor iron
(II) augmented the ability of cytoplasmic extract to
promote ubiquitylation of the isolated N-terminal
sequence GAL344±417 in a manner similar to the effect
on the C-terminal site (GAL554±698) (Figure 6A).

To assess the potential role of enzymatic prolyl
hydroxylation further, GAL±HIF-1a substrates were
synthesized in vitro in the presence of the proline analogue
3,4-dehydro-L-proline. Incorporation of this analogue into
substrates renders them refractory to prolyl hydroxylation
(Rosenbloom and Prockop, 1970). When synthesized in
this way, both the N- and C-terminal VHLE3 target sites
(represented by GAL344±553 and GAL554±698, respect-
ively) were unable to interact with VHLE3 (Figure 6B). A
more speci®c effect of 3,4-dehydro-L-proline on the
N-terminal site was achieved using a GAL380±417
substrate in which the proline residue at position 394
was mutated to alanine (GAL380±417 P394A). In this
substrate, the only HIF-1a proline residue is at position
402. When synthesized in the presence of 3,4-dehydro-
L-proline, GAL380±417 P394A was also incapable of
interaction with VHLE3 (Figure 6B), strongly suggesting
that hydroxylation at Pro402 may be critical for promotion
of the VHLE3 interaction. Further evidence was provided
by the effect of N-oxalylglycine, a 2-oxoglutarate
analogue that acts as a competitive inhibitor of prolyl
hydroxylases and which previously has been shown to
inhibit hydroxylation of HIF-1a Pro564 (Jaakkola et al.,
2001). Modi®cation of GAL380±417 P394A was inhibited
by N-oxalylglycine but could be restored partially by
2-oxoglutarate (Figure 6C). To test the role of prolyl
hydroxylation directly, we synthesized N-terminal bio-
tinylated peptides corresponding to HIF-1a residues
390±417 that contained either proline (B28PRO) or
hydroxyproline (B28HYP) at residue 402, and tested for
the effect of hydroxyproline substitution in binding and
ubiquitylation assays. B28HYP but not B28PRO was able
to co-precipitate the VHLE3 complex (Figure 6D).
Furthermore, when added to the ubiquitylation reaction,
B28HYP but not B28WT peptide speci®cally blocked
ubiquitylation of GAL344±553 (Figure 6E). In keeping
with the deletional analysis of this region, B28PRO could
not be modi®ed by cytoplasmic extract so as to capture
VHLE3 (Figure 6D). Thus, the data would be consistent

Fig. 5. Proline residues 402 and 564 are critical for HIF-1a regulation
both in vitro and in vivo. (A) Ubiquitylation of wild-type HIF-1a or the
indicated mutants by cytoplasmic extracts from RCC4 or RCC4/VHL
cells in the presence (+) or absence (±) of exogenous ubiquitin. The
double mutant P402A + P564G shows no VHLE3-dependent
ubiquitylation, but single mutations of the critical proline residues at
each individual VHLE3 target site only partially reduce ubiquitylation.
(B) Activity of transiently transfected wild-type HIF-1a and the
indicated mutant derivatives, in HIF-1a-de®cient CHO-Ka13 cells co-
transfected with the HRE reporter plasmid pGL3PGK6TKp. Columns
show corrected luciferase activity, mean 6 1 SE of three independent
experiments. The single proline mutants show partially enhanced
normoxic activity compared with the wild-type HIF-1a, whereas the
combined mutant showed full constitutive activity in normoxia.
(C) Immunoblot analysis of transiently transfected wild-type HIF-1a
and the indicated mutant derivatives, in extracts from HIF-1a-de®cient
CHO-Ka13 cells grown under normoxic conditions.
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with a model in which HIF-1a residues 390±417 provide a
discrete interaction site for VHLE3 upon hydroxylation of

Pro402, whilst a more extensive polypeptide (e.g. residues
380±417) is necessary for ef®cient modi®cation of the
HIF-1a substrate by the hydroxylase.

The N- and C-terminal VHLE3 target sites differ in
their functional requirements
The extensive ODDD in HIF-1a therefore contains two
discrete interaction sites for VHLE3 that appear to be
regulated in a similar manner by prolyl hydroxylation.
Since previous analyses in this and other laboratories had
identi®ed the C- but not the N-terminal site, this suggested
that there may also be differences in the mechanism of
interaction at the two sites.

First, in a previous domain analysis of HIF-1a
ubiquitylation, the N-terminal VHLE3 target site was not
detected as a target (Ohh et al., 2000). We considered
whether this might have been due to the use of S100 rather
than crude cytoplasmic extract for ubiquitylation assays in
that analysis. VHLE3-dependent ubiquitylation of both the
N- and C-terminal VHLE3 target sites was therefore
compared using the standard cytoplasmic extract or S100
(Figure 7A). Consistent with the published data (Ohh et al.,

Fig. 7. Different requirements for targeting of N- and C-terminal sites
in the HIF-1a ODDD by VHLE3. (A) Comparison of unfractionated
and S100 cytoplasmic extract. [35S]methionine-labelled GAL344±553
and GAL554±698 substrates were ubiquitylated in fresh cytoplasmic
extract (+), cytoplasmic extract that had been left at 4°C for 4 h (4°C
4 h+) or the S100 supernatant of cytoplasmic extract (S100+) from
RCC4 or RCC4/VHL cells. The S100 extract supported VHLE3-
dependent ubiquitylation of GAL554±698 but not GAL344±553.
(B) Interaction of GAL-HIF±1a with HA´VHL produced in reticulocyte
lysate. [35S]methionine-labelled C-terminal HA-tagged VHL (VHLHA)
or N-terminal HA-tagged VHL (data not shown) and non-radiolabelled
GAL±HIF-1a substrates were mixed and incubated either in buffer (±)
or in cytoplasmic extract (+) prior to immunoprecipitation using
anti-GAL. Co-immunoprecipitation of VHLHA occurred with
GAL554±698, whilst background levels of binding were obtained with
GAL652±826 and GAL344±553. Equivalent immunoprecipitation of
the GAL±HIF-1a proteins was con®rmed by anti-GAL immunoblotting
(data not shown).

Fig. 6. The N-terminal VHLE3 target site is regulated by prolyl
hydroxylation. (A) Effect of iron (II) supplementation on VHLE3-
dependent ubiquitylation. GAL344±417 and GAL554±698 substrates
were pre-incubated in buffer alone (±), in cytoplasmic extract (+) or in
cytoplasmic extract with added iron (Fe2++). Following
immunopuri®cation, substrates were ubiquitylated in the puri®ed
component assay in the presence (+) or absence (±) of VHLE3. Both
substrates exhibit VHLE3-dependent ubiquitylation, which is enhanced
by pre-treatment with additional iron. (B) Effect of the proline
analogue 3,4-dehydro-L-proline on VHLE3 interaction.
[35S]methionine-labelled GAL±HIF-1a substrates were prepared in
reactions containing excess L-proline (P) or 3,4-dehydro-L-proline (D),
and tested for VHLE3 interaction using 786-0 HA´VHL cell extract as
in Figure 3D (see Materials and methods). Autoradiographs show
SDS±PAGE analyses of the interacting GAL±HIF-1a proteins in anti-
HA immunoprecipitates, together with the input samples. (C) Effect of
the prolyl hydroxylase inhibitor N-oxalylglycine on modi®cation of
GAL380±417 P394A substrate. N-oxalylglycine (1 mM) inhibited the
modifying activity of cytoplasmic extract and prevented VHLE3
interaction. Modi®cation was partially restored by the addition of 5 mM
2-oxoglutarate. (D) Interaction of VHLE3 with synthetic peptides.
Biotinylated peptides corresponding to HIF-1a residues 390±417
(B28PRO), or the corresponding peptide with Pro402 substituted with
hydroxyproline (B28HYP), were incubated with buffer alone (±c.e.)
prior to incubation with 786-0 HA´VHL cell extract. Following
retrieval of peptide using streptavidin beads, captured HA´VHL was
detected by anti-HA immunoblotting. B28HYP but not B28PRO
captured HA´VHL. B28PRO was also incubated with cytoplasmic
extract (+c.e.) prior to VHLE3 interaction. (E) Excess B28HYP but not
B28PRO blocks VHLE3-dependent ubiquitylation. GAL344±553
substrate was pre-treated with buffer alone (±c.e.) or with cytoplasmic
extract (+c.e.), then added to the puri®ed component ubiquitylation
assay in the presence or absence of peptide as indicated.
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2000), we found that VHLE3-dependent ubiquitylation of
the C-terminal VHLE3 target site (represented by
GAL554±698) was observed using the S100 extract
(Figure 7A). However, VHLE3-dependent ubiquitylation
at the N-terminal VHLE3 target site (represented by
GAL344±553) was barely visible in the S100 extract,
suggesting that a factor required for ubiquitylation of the
N-terminal VHLE3 target site is either lost or inactivated
during S100 preparation.

Secondly, previous analyses of interactions between
HIF-1a and pVHL identi®ed only the C-terminal site
(Cockman et al., 2000; Ohh et al., 2000; Tanimoto et al.,
2000; Yu et al., 2001). These analyses used HIF-1a and
pVHL prepared in reticulocyte lysate. In view of the above
requirement for modi®cation of the N-terminal ODDD by
cytoplasmic extract in order to promote ubiquitylation, we
tested whether exposure to cytoplasmic extract was
suf®cient to promote interaction of the N-terminal
ODDD sequences with pVHL prepared in reticuloctye
lysate. Results shown in Figure 7B show that this is not the
case. The modi®ed N-terminal ODDD could capture
pVHL in 786-0 HA´VHL cell lysates but remained unable
to bind pVHL produced by reticulocyte IVTT. This
suggests that either other components of the VHLE3
complex, or a modi®cation of pVHL, which occurs in vivo
but not in reticulocyte IVTT, is necessary for the
N-terminal interaction. Therefore, although both sites
within the ODDD are capable of interaction with VHLE3,
they differ importantly in their requirements for inter-
action.

Discussion

In this work, we demonstrate that HIF-1a contains two
independent regions in the ODDD that are targeted by the
VHLE3 ubiquitin ligase. In vitro assays demonstrated that
both sites can function independently, supporting inter-
actions with the VHLE3 complex and VHLE3-dependent
ubiquitylation. Furthermore, mutational analysis demon-
strated the functional importance of each site in regulating
transcriptional responses in vivo.

At the C-terminal site, residues 556±572 previously
have been de®ned as a minimal VHLE3 interaction
domain (Tanimoto et al., 2000). The current study has
de®ned a minimal VHLE3 target site within HIF-1a
residues 380±417. The de®nition of this second site
provides additional evidence for the critical role played
by pVHL in the regulation of the HIF system, and also
explains previously puzzling observations regarding the
function of isolated portions of the ODDD. Whilst
previous studies have indicated that interaction with the
VHLE3 complex appears to be limited to the C-terminal
site, both N- and C-terminal sequences within the ODDD
are able to mediate partial levels of protein instability. This
has been reported both in the context of the native HIF-1a
molecule and when isolated subsequences from HIF-1a
and HIF-2a have been analysed as fusions to heterologous
proteins (Huang et al., 1998; Ema et al., 1999; O'Rourke
et al., 1999; Sutter et al., 2000; Yu et al., 2001). The
current work indicates that the observed partial instability
may be accounted for by the operation of one, but not both
VHLE3 target sites.

Importantly, both VHLE3 target sites in HIF-1a appear
to be regulated by enzymatic hydroxylation of speci®c
prolyl residues. Hydroxylation of Pro564 recently has
been identi®ed as the key modi®cation controlling activity
of the C-terminal target site (Ivan et al., 2001; Jaakkola
et al., 2001). Analysis of the N-terminal VHLE3 inter-
action site now implicates hydroxylation of Pro402 in the
regulation of targeting at this site, and demonstrates the
presence of a common motif, LXXLAP, at the two sites.
Thus, the new ®ndings provide further evidence for the
importance of prolyl hydroxylation in the regulation of
HIF, and for the importance of prolyl hydroxylation as a
mechanism of protein recognition by the VHLE3 complex.

However, despite the similarities in the operation of the
two VHLE3 target sites, important differences were
de®ned. First, reticulocyte lysate contains an activity that
is able to hydroxylate the C-terminal site effectively and to
promote interaction with the VHLE3 complex. In contrast,
exposure to RCC4 or other tissue culture cell cytoplasmic
extract was required to promote the VHLE3 interaction
with the N-terminal site, whereas reticulocyte lysate had
no such activity. Secondly, although both VHLE3 target
sites contain a common motif, the sequences required for
ef®cient enzymatic modi®cation appear to extend well
beyond this motif and are quite different at the two sites.
For instance, the synthetic peptide B28HYP corresponding
to HIF-1a residues 390±417 and containing hydroxypro-
line at residue 402 could bind to VHLE3 and therefore
must contain the VHLE3 interaction determinants. Never-
theless, neither the corresponding peptide containing pro-
line, B28PRO, nor the GAL-HIF-1a fusion GAL390±417,
could be modi®ed by cytoplasmic extract so as to capture
VHLE3, indicating that more extensive sequences were
required to direct the modi®cation step. Taken together,
these ®ndings suggest either that additional factors present
in RCC4 cytoplasmic extract but not reticulocyte extract
are required for sequence recognition and hydroxylation at
the N-terminal site, or that a different enzyme or enzyme
isoform is involved.

The HIF-1a sites also differed in their mode of
interaction with the VHLE3 complex. Whereas the
hydroxylated C-terminal site interacts readily with re-
combinant pVHL produced in a variety of expression
systems, and has been shown to interact directly with
pVHL, the N-terminal site could not interact with recom-
binant pVHL expressed in vitro in reticulocyte lysate. In
contrast, a robust interaction of the N-terminal target site
was obtained with VHLE3 derived from lysates of 786-0
HA´VHL cells. This difference could indicate the need for
a modi®cation of pVHL that occurs in vivo but not in vitro
in reticulocyte lysate, or the operation of an additional
factor that cooperates in a more complex interaction with
VHLE3 at the N-terminal target site. So far, however, we
have not been able to reconstitute the interaction in vitro
with known components of this complex.

Whatever the precise reasons for these ®ndings, the
existence of more than one destruction domain targeted by
VHLE3 is itself of interest. Similar analyses in other
systems have indicated that multiple destruction domains
are not uncommon among proteins that are regulated by
degradation. For instance, there are several examples of
cell cycle proteins that contain two destruction boxes (D
boxes) targeted by the anaphase-promoting complex,
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another multicomponent E3 ligase. In these cases, the D
boxes also differ in overall sequence and potency in some
assays. The reasons why these proteins have evolved
multiple destruction boxes are not well understood, but
they presumably provide for increased combinatorial
interactions that lend speci®city to the destruction process.

Modi®cation of the destruction domains in HIF-a
subunits by enzymatic prolyl hydroxylation is of particular
interest in relation to the underlying physiology of oxygen
sensing. Recent evidence has indicated that hydroxylation
at Pro564 is performed by one or more members of
the 2-oxoglutarate-dependent dioxygenase superfamily
(Jaakkola et al., 2001). The use of molecular oxygen as
co-substrate by such enzymes provides a direct link
between HIF regulation and the availability of molecular
oxygen. However, it is dif®cult to envisage how modi®-
cation of a particular peptide substrate by a single enzyme
could account for the precisely shaped physiological
responses of the system. Many other systems of oxygen
sensing have been proposed and might impact at different
points in the pathway (Semenza, 1999; Zhu and Bunn,
2001). Equally, other ubiquitin ligase systems such as
mdm-2 have been proposed to impact on HIF regulation
(Ravi et al., 2000), although the site and mode of targeting
of the HIF system have not been de®ned, and might
involve different oxygen-sensitive processes. Neverthe-
less, the recognition of two sites of modi®cation by prolyl
hydroxylation with different properties with respect to the
modifying activity and VHLE3 interaction indicates a
potential for more complex responses to oxygen avail-
ability to be mediated through enzymatic prolyl
hydroxylation. It will now be of interest to identify the
prolyl hydroxylase(s) operating at the different VHLE3
target sites and compare their oxygen-dependent charac-
teristics for modi®cation of different degradation domains.

Materials and methods

Plasmids
His6-tagged mouse E1 cDNA in pRSET was kindly donated by T.Hunt.
GAL fusion proteins were encoded by plasmids based on pcDNA4 that
contain a truncated GAL4 gene encoding amino acids 1±147 followed by
a polylinker bearing SacII and AscI sites into which the HIF-1a or
HIF-2a sequences generated by PCR were cloned. All PCRs were
performed using Pfu DNA polymerase (Stratagene). pcDNA3-HIF-1a,
pVHLHA, pGAL/VP16, pGAL/a344±417/VP16, pUAS-tk-Luc and
pCMVbGal have been described previously (Pugh et al., 1997;
O'Rourke et al., 1999; Cockman et al., 2000). pGL3PGK6TKp contained
six copies of the HRE from the mouse phosphoglycerate kinase-1 gene
linked to a luciferase reporter gene. pGAL/344±400/VP16 was con-
structed by insertion of HIF-1a sequence encoding amino acids 344±400
into SacII±AscI-digested pGAL/VP16. Mutations were generated using a
site-directed mutagenesis kit (QuickChange; Stratagene) and mutagenic
oligonucleotides designed according to the manufacturer's recommen-
dations. The integrity of all plasmids was con®rmed by DNA sequencing.

Cell culture and transient transfection
RCC4 cells stably transfected with pcDNA3-VHL (RCC4/VHL) or
empty vector (RCC4) (Cockman et al., 2000) and the HIF-1a-de®cient
CHO cell line (Ka13) (Wood et al., 1998) have been described
previously. 786-0 HA´VHL cells (786-0 cells stably transfected with
plasmid pRC-HA-VHL) were a gift from W.G.Kaelin, and U2OS cells
were a gift from S.Geley. All cells were maintained in Dulbecco's
modi®ed Eagle's medium supplemented with 10% fetal calf serum,
glutamine (2 mM), penicillin (50 IU/ml) and streptomycin sulfate
(50 mg/ml). For RCC4, RCC4VHL and 786-0 HA´VHL, G418 (0.5 mg/
ml) was added to the growth medium.

Transient transfections were performed using Fugene 6 (Roche
Molecular Biochemicals). For luciferase assay in U20S cells, 10 ng of
GAL/HIF-1a/VP16 activator plasmid, 100 ng of pUAS-tk-Luc luciferase
reporter and 500 ng of pCMVbgal (to enable correction for variation in
transfection ef®ciency) were used per well of a 6-well plate. For
luciferase assay in Ka13 cells, 2 mg of pcDNA3-HIF-1a plasmid, 0.1 mg
of pGL3PGK6TKp luciferase reporter and 0.5 mg of pCMVbgal were
used. Hypoxic incubation was in an atmosphere of 0.1% oxygen, 5%
CO2, balance nitrogen in a Napco 7001 incubator (Jouan). For
immunoblotting experiments, Ka13 cells were transfected with 2 mg of
pcDNA3-HIF-1a wild-type and mutant plasmids.

Luciferase and b-galactosidase assays
Luciferase activities were determined in extracts made from transfected
cells maintained for 48 h, either entirely in normoxia or with hypoxic
stimulation for the ®nal 16 h. Luciferase activities were determined using
a commercially available luciferase assay system (Promega) and a TD-
20e luminometer (Turner Designs). Relative b-galactosidase activity in
extracts was measured using o-nitrophenyl-b-D-galactopyranoside
(0.67 mg/ml) as substrate in a 0.1 M phosphate buffer pH 7.0 containing
10 mM KCl, 1 mM MgSO4 and 30 mM b-mercaptoethanol incubated at
30°C for 15±45 min. The A420 was determined after stopping the reaction
by the addition of sodium carbonate to a ®nal concentration of 0.4 M.

Substrate and cell extract preparation
[35S]methionine-labelled HIF-1a and GAL-HIF-1a substrates were
prepared by coupled IVTT using TnT7 rabbit reticulocyte (Promega).
GAL±HIF-1a proteins appear as two bands, with the faster migrating
form arising from aberrant translational initiation within the GAL
sequence. In all assays, the faster migrating form is recognized less
ef®ciently by VHLE3.

Ka13 whole-cell extracts for immunoblotting were prepared 24 h after
transfection by lysis in 8 M urea, 10% glycerol, 1% SDS, 5 mM
dithiothreitol (DTT), 10 mM Tris pH 6.8, followed by disruption using a
hand-held homogenizer (Ultra-Turrax T8 with 5G dispersing tool; Janke
& Kunkel GmbH). Cytoplasmic extract for ubiquitylation assays and for
modi®cation of HIF-1a substrates in vitro was prepared as previously
described (Cockman et al., 2000). Brie¯y, cells were washed twice with
cold hypotonic extraction buffer (HEB: 20 mM Tris pH 7.5, 5 mM KCl,
1.5 mM MgCl2, 1 mM DTT). After removal of excess buffer, cells were
lysed in a Dounce homogenizer. Following lysis, crude cytoplasmic
extract was centrifuged at 10 000 g for 5 min at 4°C to remove cell debris
and nuclei, and stored in aliquots at ±70°C. Heat-treated cytoplasmic
extract was prepared by incubation at 60°C for 3 min, followed by
centrifugation at 10 000 g for 5 min to remove precipitated material. S100
extract was obtained by an additional ultracentrifugation step at 100 000 g
at 4°C for 4 h. Cytoplasmic extract was also incubated at 4°C for 4 h to
ensure that effects seen with S100 extract were due to the 100 000 g spin.
ATP-depleted cytoplasmic extract was prepared by hexokinase/glucose
treatment as follows. To each 100 ml of cytoplasmic extract, 5 ml of 1 M
glucose and 5 U of 1 U/ml hexokinase (Sigma) were added and the sample
incubated at 30°C for 30 min to allow ATP depletion. Nuclear extract was
obtained by extraction of the crude nuclear pellet that remains following
cytoplasmic extract preparation with three volumes of buffer C [20 mM
Tris pH 8.0, 25% glycerol (v/v), 0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM
EDTA], followed by 3-fold dilution in 20 mM Tris pH 8.0 and storage at
±70°C. 786-0 HA´VHL cell extract, used as a source of VHLE3, was
prepared by lysis in NP-40 lysis buffer (10 mM Tris pH 7.5, 0.25 M NaCl,
0.5% NP-40). NP-40 lysis buffer does not support the HIF-1a-modifying
activity (data not shown).

Modi®cation of substrate was achieved by incubation of GAL±HIF-1a
translate (4 ml) with 70 ml of RCC4 cell lysate in HEB, or control HEB
alone, at 30°C for 20 min prior to anti-GAL immunoprecipitation. For
modi®cation in the presence of Fe (II), ferrous chloride (100 mM) was
added to the reaction. For modi®cation in the presence of prolyl
hydroxylase inhibitor, N-oxalylglycine (1 mM) was used either alone or
in combination with 2-oxoglutarate (5 mM). Modi®cation reactions using
hexokinase-treated cytoplasmic extract and nuclear extract were as
above.

Antibodies, immunoblotting and peptides
Mouse anti-HA antibody (12CA5) used for immunoprecipitation and rat
anti-HA antibody (3F10) used for immunoblotting were from Roche
Molecular Biochemicals. Anti-GAL4 (RK5C1) agarose conjugate was
from Santa Cruz Biotechnology. Anti-HIF-1a antibody (clone54) was
from Transduction Laboratories. Following SDS±PAGE, proteins were
transferred on to Immobilon-P membrane (Millipore) and processed for
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immunoblotting using the indicated antibody. Biotinylated HIF-1a
peptides (Biopeptide Co.) were retrieved using streptavidin Dynabeads
M-280 (Dynal ASA).

Ubiquitylation enzymes and assays
The E1-activating enzyme used in ubiquitylation assays was either
obtained from Af®niti Research or puri®ed from BL21 (DE3) Escherichia
coli transfected with plasmid expressing His6-tagged mouse E1. His6-E1
was puri®ed by Ni2+±agarose af®nity chromatography. After dialysis
against phosphate-buffered saline, glycerol was added to 10% (v/v) and
25 ng/ml aliquots stored at ±80°C. Human CDC34 recombinant E2
enzyme was from Af®niti Research. VHLE3 was obtained by anti-HA
immunoprecipitation from stably transfected 786-0 HA´VHL cell lysates.
Brie¯y, 1 ml of 786-0 HA´VHL cell lysate (~107 cells) and 5 mg of anti-
HA antibody were incubated at 4°C for 1 h. A 12 ml aliquot of protein
G±Sepharose beads was added and incubation continued at 4°C with
mixing. Beads were then washed four times in IP wash buffer (125 mM
NaCl, 25 mM Tris pH 7.5, 0.1% NP-40), with a ®nal wash in HEB.
GAL±HIF-1a substrate was prepared by anti-GAL immunoprecipitation
from [35S]methionine-labelled TnT7 rabbit reticulocyte (Promega)
translates.

The puri®ed component ubiquitylation reaction (40 ml) consisted of 4 ml
of 5 mg/ml ubiquitin, 4 ml of 103 ATP-regenerating system (20 mM Tris
pH 7.5, 10 mM ATP, 10 mM magnesium acetate, 300 mM creatine
phosphate, 0.5 mg/ml creatine phosphokinase), 2 ml of E1, 3 ml of E2, 6 ml
of VHLE3 immunopuri®ed on protein G±Sepharose (~5 3 106 cells), 6 ml
of GAL-HIF-1a substrate immunopuri®ed on agarose beads (derived
from 4 ml of translate) and 15 ml of HEB. Reactions were incubated at
30°C for 2 h with occasional mixing, stopped by the addition of SDS
sample buffer and analysed by SDS±PAGE and autoradiography. For
ubiquitylation reactions in the presence of peptide, peptides were added at
a ®nal concentration of 18.5 mM.

The cytoplasmic extract-based ubiquitylation assays have been
described previously (Cockman et al., 2000).

In vitro interaction assays
For pVHL interaction assays, HEB-treated or cytoplasmic extract-
modi®ed GAL±HIF-1a substrates (4 ml, non-radiolabelled) were
immunopuri®ed using anti-GAL antibody-conjugated Sepharose beads
(10 ml of beads). [35S]methionine-labelled VHLHA translate (4 ml) was
added together with 60 ml of HEB and samples incubated at 30°C for 1 h
with mixing. Beads were then washed four times with IP wash buffer and
once with IP wash buffer lacking NP-40. Co-precipitating VHLHA
proteins were analysed by SDS±PAGE and ¯uorography.

For VHLE3 interaction assays, cytoplasmic extract-modi®ed
GAL±HIF-1a substrates were incubated together with 786-0 HA´VHL
cell lysate and anti-HA antibody (2.5 mg) at 4°C for 1 h. Protein
G±Sepharose beads were added and samples mixed at 4°C for 30 min.
Beads were washed as above. Co-precipitating GAL±HIF-1a proteins
were analysed by SDS±PAGE and ¯uorography.

For VHLE3 capture assays using biotinylated peptides, HEB- or
cytoplasmic extract-treated peptides (750 pmol) were incubated with
786-0 HA´VHL cell lysate at 4°C for 1 h. Streptavidin dynabeads (7 3 107

beads) were added and samples mixed at 4°C for a further 30 min. Beads
were washed four times with IP wash buffer and once with IP wash buffer
lacking NP-40. Co-precipitating HA´VHL was analysed by anti-HA
immunoblotting.

Acknowledgements

The authors would like to thank C.J.Scho®eld and E.Gibson for provision
of N-oxalylglycine. This study was supported by grants from the
Wellcome Trust and the Medical Research Council.

References

Berra,E., Milanini,J., Richard,D.E., LeGall,M., Vinals,F., Gothie,E.,
Roux,D., Pages,G. and Pouyssegur,J. (2000) Signaling angiogenesis
via p42/p44 MAP kinase and hypoxia. Biochem. Pharmacol., 60,
1171±1178.

Bhattacharya,S., Michels,C.L., Leung,M.-K., Arany,Z.P., Kung,A.L. and
Livingston,D.M. (1999) Functional role of p35srj, a novel p300/CBP
binding protein, during transactivation by HIF-1. Genes Dev., 13,
64±75.

Cockman,M.E. et al. (2000) Hypoxia inducible factor-a binding and

ubiquitylation by the von Hippel±Lindau tumor suppressor protein.
J. Biol. Chem., 275, 25733±25741.

Ema,M., Hirota,K., Mimura,J., Abe,H., Yodoi,J., Sogawa,K.,
Poellinger,L. and Fujii-Kuriyama,Y. (1999) Molecular mechanisms
of transcription activation by HLF and HIF1a in response to hypoxia:
their stabilization and redox signal-induced interaction with CBP/
p300. EMBO J., 18, 1905±1914.

Huang,L.E., Arany,Z., Livingston,D.M. and Bunn,H.F. (1996)
Activation of hypoxia-inducible transcription factor depends
primarily on redox-sensitive stabilization of its a subunit. J. Biol.
Chem., 271, 32253±32259.

Huang,L.E., Gu,J., Schau,M. and Bunn,H.F. (1998) Regulation of
hypoxia-inducible factor 1a is mediated by an oxygen-dependent
domain via the ubiquitin±proteasome pathway. Proc. Natl Acad. Sci.
USA, 95, 7987±7992.

Ivan,M. et al. (2001) HIFa targeted for VHL-mediated destruction by
proline hydroxylation: implications for O2 sensing. Science, 292,
464±468.

Iyer,N.V., Leung,S.W. and Semenza,G.L. (1998) The human hypoxia-
inducible factor 1a gene: HIF1a structure and evolutionary
conservation. Genomics, 52, 159±165.

Jaakkola,P. et al. (2001) Targeting of HIF-a to the von Hippel±Lindau
ubiquitylation complex by O2-regulated prolyl hydroxylation. Science,
292, 468±472.

Jackson,P.K., Eldridge,A.G., Freed,E., Furstenthal,L., Hsu,J.Y.,
Kaiser,B.K. and Reimann,J.D.R. (2000) The lore of the RINGs:
substrate recognition and catalysis by ubiquitin ligases. Trends Cell
Biol., 10, 429±439.

Jewell,U.R., Kvietikova,I., Scheid,A., Bauer,C., Wenger,R.H. and
Gassmann,M. (2001) Induction of HIF-1a in response to hypoxia is
instantaneous. FASEB J., 15, 1312±1314.

Jiang,B.-H., Semenza,G.L., Bauer,C. and Marti,H.H. (1996) Hypoxia-
inducible factor 1 levels vary exponentially over a physiologically
relevant range of O2 tension. Am. J. Physiol., 271, C1172±C1180.

Jiang,B.-H., Zheng,J.Z., Leung,S.W., Roe,R. and Semenza,G.L. (1997)
Transactivation and inhibitory domains of hypoxia-inducible factor
1a. Modulation of transcriptional activity by oxygen tension. J. Biol.
Chem., 272, 19253±19260.

Kallio,P.J., Okamoto,K., O'Brien,S., Carrero,P., Makino,Y., Tanaka,H.
and Poellinger,L. (1998) Signal transduction in hypoxic cells:
inducible nuclear translocation and recruitment of the CBP/p300
coactivator by the hypoxia-inducible factor-1a. EMBO J., 17,
6573±6586.

Kamura,T., Sato,S., Iwai,K., Czyzyk-Krzeska,M., Conaway,R.C. and
Conaway,J.W. (2000) Activation of HIF1a ubiquitination by a
reconstituted von Hippel±Lindau (VHL) tumor suppressor complex.
Proc. Natl Acad. Sci. USA, 97, 10430±10435.

Kivirikko,K.I. and Myllyharju,J. (1998) Prolyl 4-hydroxylases and their
protein disul®de isomerase subunit. Matrix Biol., 16, 357±368.

Lisztwan,J., Imbert,G., Wirbelauer,C., Gstaiger,M. and Krek,W. (1999)
The von Hippel±Lindau tumor suppressor protein is a component of
an E3 ubiquitin-protein ligase activity. Genes Dev., 13, 1822±1833.

Maxwell,P.H. et al. (1999) The tumour suppressor protein VHL targets
hypoxia-inducible factors for oxygen-dependent proteolysis. Nature,
399, 271±275.

O'Rourke,J.F., Tian,Y.-M., Ratcliffe,P.J. and Pugh,C.W. (1999)
Oxygen-regulated and transactivating domains in endothelial PAS
protein 1: comparison with hypoxia inducible factor-1a. J. Biol.
Chem., 274, 2060±2071.

Ohh,M., Park,C.W., Ivan,M., Hoffman,M.A., Kim,T.Y., Huang,L.E.,
Pavletich,N., Chau,V. and Kaelin,W.G. (2000) Ubiquitination of
hypoxia-inducible factor requires direct binding to the b-domain of the
von Hippel±Lindau protein. Nature Cell Biol., 2, 423±427.

Patton,E.E., Willems,A.R. and Tyers,M. (1998) Combinatorial control in
ubiquitin-dependent proteolysis: don't Skp the F-box hypothesis.
Trends Genet., 14, 236±243.

Pugh,C.W., O'Rourke,J.F., Nagao,M., Gleadle,J.M. and Ratcliffe,P.J.
(1997) Activation of hypoxia inducible factor-1; de®nition of
regulatory domains within the a subunit. J. Biol. Chem., 272,
11205±11214.

Ravi,R. et al. (2000) Regulation of tumor angiogenesis by p53-induced
degradation of hypoxia-inducible factor 1a. Genes Dev., 14, 34±44.

Richard,D.E., Berra,E., Gothie,E., Roux,D. and Pouyssegur,J. (1999)
p42/p44 mitogen-activated protein kinases phosphorylate hypoxia-
inducible factor 1a (HIF-1a) and enhance the transcriptional activity
of HIF-1. J. Biol. Chem., 274, 32631±32637.

Rosenbloom,J. and Prockop,D.J. (1970) Incorporation of 3,4-

Independent destruction domains in HIF-a chains

5205



dehydroproline into protocollagen and collagen. Limited
hydroxylation of proline and lysine in the same polypeptide. J. Biol.
Chem., 245, 3361±3368.

Salceda,S. and Caro,J. (1997) Hypoxia-inducible factor 1a (HIF-1a)
protein is rapidly degraded by the ubiquitin±proteasome system under
normoxic conditions. J. Biol. Chem., 272, 22642±22647.

Semenza,G.L. (1999) Perspectives on oxygen sensing. Cell, 98,
281±284.

Semenza,G. (2000) HIF-1 and human disease: one highly involved
factor. Genes Dev., 14, 1983±1991.

Stebbins,C.E., Kaelin,W.G.,Jr and Pavletich,N.P. (1999) Structure of the
VHL±elonginC±elonginB complex: implications for VHL tumor
suppressor function. Science, 284, 455±461.

Sutter,C.H., Laughner,E. and Semenza,G.L. (2000) Hypoxia-inducible
factor 1a protein expression is controlled by oxygen-regulated
ubiquitination that is disrupted by deletions and missense mutations.
Proc. Natl Acad. Sci. USA, 97, 4748±4753.

Tanimoto,K., Makino,Y., Pereira,T. and Poellinger,L. (2000)
Mechanism of regulation of the hypoxia-inducible factor-1a by the
von Hippel±Lindau tumor suppressor protein. EMBO J., 19,
4298±4309.

Tian,H., McKnight,S.L. and Russell,D.W. (1997) Endothelial PAS
domain protein 1 (EPAS1), a transcription factor selectively
expressed in endothelial cells. Genes Dev., 11, 72±82.

Wenger,R.H. (2000) Mammalian oxygen sensing, signalling and gene
regulation. J. Exp. Biol., 203, 1253±1263.

Wood,S.M., Wiesener,M.S., Yeates,K.M., Okada,N., Pugh,C.W.,
Maxwell,P.H. and Ratcliffe,P.J. (1998) Selection and analysis of a
mutant cell line defective in the hypoxia-inducible factor-1 a-subunit
(HIF-1a). J. Biol. Chem., 273, 8360±8368.

Yu,F., White,S.B., Zhao,Q. and Lee,F.S. (2001) Dynamic, site-speci®c
interaction of hypoxia-inducible factor-1a with the von
Hippel±Lindau tumor suppressor protein. Cancer Res., 61,
4136±4142.

Zhu,H. and Bunn,H.F. (2001) How do cells sense oxygen? Science, 292,
449±451.

Received June 19, 2001; revised and accepted July 20, 2001

N.Masson et al.

5206


